Motor evoked potentials (MEPs) to magnetic transcranial stimulation (TCS) were recorded from right abductor digiti minimi (ADM) and first dorsal interosseous (FDI) muscles, sharing the same peripheral innervation but engaged in two different motor demands. In seven healthy and trained subjects, the latencies, amplitudes and variability of MEPs were investigated under the following, randomly intermingled, conditions: full muscular and mental relaxation; mental simulation of selective index finger or little finger abduction; mental non-motor activity (arithmetical calculation); and real motor task (little and index finger abduction). The whole procedure was performed by continuous audiovisual monitoring of electromyographic 'silence' in the tested muscles. The maximal facilitatory effects (= latency shortening and amplitude increase) on MEPs were induced by the real motor task. An amplitude potentiation of MEPs in both tested muscles was present during non-motor mental activity, in comparison to basal values. A further amplitude potentiation, without latency shifts, was confined to the muscle acting as 'prime mover' for the mentally simulated movement, according to the motor program dispatched but not executed by the subject. Similar results were also found in the F-wave, showing that mental simulation affects spinal motoneuronal excitability as well, although -due to the lack of MEP and F-wave latency shift -the main effect takes place at cortical level. The study shows that movement imagery can focus specific facilitation on the prime-mover muscle for the mentally simulated movement. This is mainly evident on FDI muscle, which controls fingers (i.e. the index) with highly corticalized motor representation.
Introduction
Cognitive, physiological and metabolic approaches have been explored in movement imagery in an attempt to clarify whether and how neural structures and mechanisms underlying the mental rehearsal of motor acts share similarities with those of movement preparation and execution (Decety, 1996) . The growing interest in motor imagery is based on the possibility that mental training improves motor performance as in the case of actual physical training (Yu and Cole, 1992 ) and on its implication for possible rehabilitative strategies, as recently demonstrated in patients with neglect syndrome (Smania et al., 1997) . Thus, motor imagery is becoming a popular issue both in basic and clinical research protocols (Crammond, 1997) .
Magnetic transcranial stimulation (TCS) has the advantage of being easily reproducible, non-invasive and able to provide useful information, both in the healthy and in the diseased (for review, see Rossini and Rossi, 1998) , on the excitability and conductivity of the entire motor pathway (i.e. from the cortex to the target muscle). By using electric TCS, Gandevia and Rothwell (1987) described for the first time that trained subjects were able to focus internal motor commands to motoneuronal pools governing individual motor units of intrinsic hand muscles, giving rise to an amplitude facilitation of motor evoked potentials (MEPs). Other authors have described facilitatory effects on motor output during different motor imagery tasks (Izumi et al., 1995; Abbruzzese et al., 1996; Kiers et al., 1997; Kasai et al., 1997; Rossi et al., 1998a) . The question whether MEP facilitation during motor imager y relies on a kind of corticospinal activity connected to the motor program, or is related only to an increased and generalized attentional effect, has been recently addressed (Rossi et al., 1998a) for forearm muscles. Conf licting results have emerged on the possible role played by spinal mechanisms, which cannot be explored with available neurometabolic techniques: Abbruzzese et al. (1996) and Kasai et al. (1997) found no change in the H-ref lex during motor imagery, while modulation on the H-ref lex pathway has been described as well (Oishi et al., 1994; Bonnet et al., 1997; Kiers et al., 1997) .
In the present investigation, we wanted to address the following points: does mental simulation of hand movements facilitate MEPs through non-specific alerting mechanisms which are not directly related to movement programming? And if not, can movement imagery shift facilitation from one hand muscle to another simply by changing the mentally programmed motor task, so that it involves different prime-movers?
For this purpose, MEPs were simultaneously recorded from two hand muscles -first dorsal interosseous (FDI) and abductor digiti minimi (A DM) -that share the same peripheral innervation but are engaged in two different motor demands. In this paradigm, MEPs were simultaneously gathered from both muscles during randomized conditions, including complete muscular relaxation, mental imagery of appropriate movements, arithmetical calculation, and simultaneous voluntary index and little finger abduction (= real motor task). The same conditions were separately run during an F-wave paradigm from FDI and ADM muscles, in order to test concurrent changes, if any, taking place at spinal level.
Materials and Methods
Seven healthy right-handed (Oldfield questionnaire) fully informed volunteers from the Neurology Department staff (four males; age range 29-46 years) were enrolled in the study after the approval of the procedure by the local Ethical Committee. The examined subjects lay supine on a bed in a relatively silent room. They looked at a fixed point on the front wall and did not have visual access either to the equipment display or to their hands. A ll of the subjects were familiar with the procedure, having shown their ability to achieve full muscular relaxation when utilized as subjects and to produce mental activity, including motor imagery, without muscle activation (Rossi et al., 1998a) .
Stimulating Procedures and Experimental Design
Magnetic TCS was performed via a circular coil (inner diameter 10 cm) connected to a biphasic Cadwell MES-10 stimulator. The coil was positioned in the region of the left hemiscalp triggering MEPs with minimal threshold -defined according to international standards as the intensity eliciting reproducible MEPs of minimal amplitude in ∼50% of 10-20 consecutive trials (Rossini et al., 1994) Clinica delle Malattie Nervose e Mentali, Università di Siena, Siena and examined muscles; it was then kept in the ascertained position throughout the whole session via Velcro strips fixed around the head. It is known that excitability thresholds for hand muscles usually share similar values (Wassermann et al., 1992) ; moreover, the relatively large volume of the induced eddy currents from the round coil was simultaneously reaching the 'hot-spots' for both ADM and FDI muscles (Brasil-Neto et al., 1992; Rossini et al., 1994; Rossi et al., 1998b) . Since commercially available stimulators provide different types and intensities of magnetic impulses, these are routinely expressed as a percentage of the stimulator's maximum output (Barker et al., 1985) (2.0 Tesla maximum output in our case).
Experiment 1 (MEPs from FDI and ADM)
Subjects were trained to mentally simulate either one of two different types of movements: an index finger abduction, in which the FDI muscle participates as 'prime mover' (Tomberg and Caramia 1991) , or a little finger abduction, which is mainly driven by activation of the A DM muscle.
After the training period, MEPs were simultaneously gathered from the right FDI and A DM muscles under four experimental conditions, randomly administered (as indicated below) by one of the examiners, and stored on disk for off-line analysis.
The following items were included in this experimental protocol:
1. Complete mental and muscular relaxation; this condition will subsequently be referred to as 'Relax'. 2. Imagery of index finger abduction (= mental activation of the FDI, with the ADM at rest); subsequently referred to as 'Index'. 3. Imagery of little finger abduction (= mental activation of the ADM, with the FDI at rest); subsequently referred to as 'Little'.
Simulated movements were performed 2-3 s after the appropriate verbal command given by one of the experimenters, and therefore outside of the usual reaction time for a normal subject; and 4. Mental calculation (progressively subtracting 7 from different numbers provided by one of the examiners); subsequently referred to as 'Calc.'.
Electromyography (EMG) was continuously monitored at high gain, and trials contaminated by unwanted EMG bursts were discarded. It must be emphasized, therefore, that no EMG activity was present during the various experimental stages unless specifically requested by the experimenter. Finally, at the end of the task, MEPs were simultaneously gathered 6-8 times during a slight (10-15% of maximum force) active voluntary, simultaneous contraction of each of the examined muscles (real motor task).
Experiment 2 (F-waves)
In six subjects, 'Relax', 'Index', 'Little' and 'Calc.' conditions were replicated -in a separate session -during supramaximal electrical stimulation of the ulnar ner ve trunk at the wrist and simultaneous recording of compound muscle action potentials and F-wave responses from ADM and FDI muscles. The F-wave is the late muscular response following maximal intensity stimulation of peripheral nerve motor fibres and is mainly due to backfiring from the large α-motoneuron pool in the spinal cord (Kimura, 1983) , the same common final way travelled by the descending TCS volley .
The following parameters were evaluated: latency, peak-to-peak amplitude and duration of the compound muscle action potentials, F-wave persistence [i.e. according to Fischer (1992) , the percentage of elicited F-waves in relation to the number of stimuli delivered], F-wave chronodispersion [i.e. according to Panayiotopoulos (1996) , the scatter or dispersion of onset latencies in the different trials], F-wave amplitude and duration.
Recording Procedures
Ag/AgCl disk electrodes were firmly taped on the examined muscles in a belly-tendon short bipolar montage, with the active electrode placed on the motor point of each muscle, after lowering the skin-electrode impedance below 10 kΩ. A total time epoch of 100 ms was analyzed in each trial by a four-channel electromyograph (Multibasis Esaote Biomedica), the first 50 ms serving as pre-trigger analysis time. MEPs were recorded with a bandpass filter of 5 Hz-5 kHz (-6 dB/oct), sampled at 20 kHz, with a gain ranging from 100 µV to 1 mV.
Data Analysis
A total of at least 120 trials in each subject were analyzed, in an attempt to capture statistically valid deviations from the natural variability of MEP amplitudes at rest (Rossini et al., 1991) . Trials with detectable EMG activity in the pre-and post-stimulus analysis time, and with acoustic feedback of background EMG activity, were discarded from further analysis. For this purpose, on-line audio and off-line visual inspection of each trial was performed using the maximum display sensitivity. Whenever unwanted EMG or other artifactual activity contaminated one of the two traces, the other simultaneously acquired trace -even if EMG or artifact free -was discarded as well. In this way, only trials without EMG activity (i.e. in complete muscular relaxation) were processed for the 'imagery' task of the protocol.
MEPs and F-wave latencies were measured at the onset of the initial reproducible deflection; amplitudes were taken between the two largest peaks of opposite polarity. Logarithmic transformation was applied to amplitude values in order to normalize their distribution and to reduce the heteroschedasticity between different conditions. Since interest was focused on the relative effect of the experimental conditions, the average of values during 'Relax' for each subject was considered as 100% while the effects of the other task conditions were expressed as percentage changes. Therefore, measures obtained in 'Index', 'Little' and 'Calc.' have been compared with each other and with those obtained in the 'Relax' condition. This was also useful in excluding the inf luence of nonspecific generalized effects of remote muscle tension due to mental activity. The above-mentioned differences were evaluated by means of one-way ANOVA, followed by post-hoc Tukey's comparisons.
Since MEPs, as well as F-waves, were simultaneously recorded from the two muscles, a correlation analysis was performed in order to verify whether the different experimental conditions produced different patterns of association (i.e. direct, inverse, null) between the responses obtained in the two muscles. Such an association was tested by Pearson's product-moment r coefficient. Significance level was set at 0.05 for every kind of analysis.
Results
On average, ∼20% of trials were discarded from statistical analysis due to the presence of EMG or other artefactual activity in the pre-trigger analysis period. Discarded trials mainly pertained to the end of the experimental session, probably due to mechanisms associated with mental fatigue in maintaining EMG silence during the mental simulation of the movement. However, this point is not specifically addressed in the present paper. In one subject, despite training in electrophysiological measurements, >60% of trials were discarded because of contamination by EMG activity in pre-trigger analysis time; hence, data from this subject was excluded from further evaluation. Table 1a summarizes MEP latency variations in all of the experimental conditions. The significance of the F-test (P < 0.001) in ANOVA was only reached during voluntary contraction, which significantly shortened latency (Tukey's test, P < 0.001 with respect to every other condition). Figure 1 displays original tracings from the two hand muscles in the different experimental conditions.
Experiment 1
As shown in Table 1b , active voluntary abductions of the index and little fingers (real motor task) produced, besides the maximal latency shortening, the maximal amplitude potentiation (P < 0.001) in the FDI or in the A DM respectively. Percentage amplitude changes, with the exception of the 'Contraction' condition, are shown also in Figure 2 (upper diagram). The ANOVA demonstrates that the 'condition' factor is statistically significant for both muscles (consistently, P < 0.005): mental activity, including arithmetical calculation, produced a generalized increase in MEP amplitude, but the maximal facilitatory effect was reached in both muscles during the appropriate mental motor task. In fact, mental simulation of index finger abduction induced a significant increment of MEP amplitude size in the FDI muscle. Such a facilitation, related to the motor program -dispatched but not executed by the subjects -was also present in the MEP amplitude of ADM muscle during the 'Little' condition, although the difference between the latter and the 'Calc.' condition was not significant. Table 1c reports the differences between all pairs of conditions with relative Tukey's P values.
In Figure 3 , the scatter plot of all sequences of MEPs (simultaneously recorded by FDI and ADM muscles) is represented for each experimental condition. During voluntary contraction, the correlation of amplitude potentiation in the two muscles was maximal (r = 0.74), indicating that the variation of ADM MEP increment was significantly accounted for by the variation in FDI MEP (P < 0.001). Also arithmetical calculation determined a significant association (r = 0.48, P < 0.001) of MEP amplitude increment in the two muscles. Conversely, in the 'Index' and 'Relax' conditions this concordance vanished (respectively r = -0.08, r = 0.17, P > 0.20), suggesting that the behavior of the FDI MEP amplitude changed independently from that of the ADM. Finally, in the 'Little' condition the concordance remained significant (r = 0.31, P = 0.011), suggesting that the potentiation of ADM MEPs during mental simulation of appropriate movement was quite similar to that obser ved during the mental non-motor activity.
Experiment 2 (F-waves)
Latency and amplitude of FDI and ADM compound motor action potentials, elicited by the stimulation of the ulnar nerve at the wrist, were similar in all conditions; thus, changes occurring in neuromuscular districts during the various experiments could be ruled out. It is worth noting that the persistence of F-waves, which in the 'Relax' condition was 76.2% for the FDI and 75% for the ADM, similarly and nonspecifically increased from 83.3 to 89.5% during every mental task. F-waves were not identifiable during voluntary contraction due to the superimposition in time Table 2 summarizes F-wave latency (Table 2a ) and log amplitude (Table 2b) percentage variations across experimental conditions. ANOVA revealed that only amplitudes significantly changed across conditions (P = 0.014 and P = 0.001 for FDI and ADM respectively), while no significant differences were found as far as latencies were concerned. As shown in Figure 2 (lower diagram) and Table 2c , mental simulation of appropriate movement induced a significant amplitude potentiation in the ADM during the 'Little' condition and, to a lesser but still significant extent, in the FDI muscle during the 'Index' condition. However, a certain degree of potentiation was observed also in the FDI during mental little finger abduction and during mental calculation in the A DM. F-wave duration and chronodispersion did not vary significantly across conditions. Altogether, these findings indicate that spinal motoneuronal excitability changed appropriately with the motor plan. The absence of latency shifts favors the hypothesis that such changes were due to a modulation of the same spinal motoneurons activated during 'Relax' rather than a recruitment of other neural spinal pools, which would probably have discharged also with different latencies and chronodispersion.
Discussion
Voluntar y contraction of the target muscle(s) involved in a specific motor plan induces a shortening of the latency and an amplitude potentiation of motor responses to transcranial stimulation of motor brain areas (Merton et al., 1982; Barker et al., 1985; Rossini et al., 1985; Ravmborg et al., 1991) that can be explained by the burst of direct and indirect waves descending the corticospinal tracts and by the 'size principle' of motoneuronal recruitment (Patton and Amassian, 1954; Henneman et al., 1965 Henneman et al., , 1974 Rossini et al., 1987; Rothwell et al., 1987; Day et al., 1989) , together with lowering of the motoneuronal (both cortical and spinal) firing threshold level due to facilitatory feedback from the twitching muscle, skin stretch and joint displacement (Houk, 1974; Rossini et al., 1996) . The present results confirm that the maximal facilitatory effects on MEPs are reached during voluntary contraction. Obviously, such mechanisms cannot explain the facilitation observed in the present study during motor and non-motor mental activity, due to the documented lack of sensory feedback (= immobile hands and fingers, background EMG silence during recordings).
Motor facilitation is known to start well before movement onset, the maximum being reached during early EMG activation of the target muscle (Starr et al., 1987; Rossini et al., 1988) . Such pre-movement facilitation can be switched from one muscle to another acting as 'prime mover' within a given motor program (Rossini et al., 1988) , and it also affects in an opposite way the agonist and antagonist muscles (Tomberg and Caramia, 1991) . MEPs have been also found to be facilitated in the time interval separating the instruction to move from the 'go' signal, an epoch in which the subject is alerted and probably thinking about the forthcoming movement execution, although still well within a reaction time interval (Cros et al., 1989) . In the present experimental set-up, the instant of TCS followed 2-3 s after the verbal command of the examiner; therefore, a facilitatory effect on the motor output due to the alerting state, along with a reaction time period (usually ∼150 ms), can be ruled out.
The present data suggest that corticospinal excitability for hand muscles can be 'internally' modulated by individuals, resulting in amplitude potentiation of MEPs without significant latency changes. These effects are strictly related to the motor strategy planned by the subject and can be switched from one prime-mover muscle to another accordingly. Facilitatory effects are more evident for the FDI rather than for the ADM. It can be Relax --9.8* -1.2 -0.7 --7.1* -14.0*** -6.3 Index 9.8* -8.5* 9.0* 7.1* --6.9 0.8 Little 1.2 -8.5* -0.5 14.0*** 6.9 -7.7* Calc.
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Figure 2. (Upper)
Percentage changes of mean log amplitude MEP values during the different experimental conditions. A value of 100%, independently for each subject, indicates the mean value during 'Relax'. In both muscles, the non-motor mental activity ('Calc.') induced an increase of MEP amplitude compared with 'Relax'. However, the maximal potentiation is reached in the FDI muscle (filled squares) during mental imagery of index finger abduction ('Index') and in the ADM muscle (open circles) during mental imagery of little finger abduction ('Little'). Such a pattern of specific facilitation appropriately induced by the motor plan is even more evident for F-wave amplitudes (lower diagram); in this case, moreover, mean values during non-motor activity ('Calc.') return to values close to 'Relax'. speculated that this difference could be related to the different role that these two muscles play in everyday life, the former being constantly involved in the manipulation of objects. Such an effect has never been described for hand muscles. At this level, mentally induced facilitation can be distinguished from natural variability of MEPs and non-specific mental alerting affects only when a large number of trials is collected and a simultaneous comparative analysis of the responsiveness of muscles involved and not involved in the motor plan is carried out.
Research findings on the effect of mental simulation of movements on spontaneous electromagnetic brain activity fit nicely with our results: (i) EEG recordings during the imagination of a sequence of hand movements (Beisteiner et al., 1995; Cunnington et al., 1996) suggest that the same neural elements in the sensorimotor cortex contralateral to the target limb are active both during movement execution and imagery; (ii) cortical representation of finger f lexor and extensor musclesas analyzed by TCS mapping -is progressively enlarged in subjects who mentally performed 5 days of piano practice with one hand, to the same extent as those subjects who actually undertook the practice (Pascual-Leone et al., 1995) ; (iii) frontal components of somatosensor y evoked potentials following stimulation of a mixed or a sensory nerve -which are thought to be partly generated in a loop involving motor, pre-motor and supplementary motor cortices, basal ganglia and thalamic relays -are significantly attenuated during the ideation of internal sequences of movements (Cheron and Borenstein, 1992; Rossini et al., 1995 Rossini et al., , 1997 . It is known from EEG and magneto-EG studies that during movements there is a suppression of contralateral brain activity deriving from the hand sensorimotor cortex (Niedermeyer, 1987; Feige et al., 1996; Hari and Salmelin, 1997) ; furthermore, a certain attenuation of the 20Hz rhythm in the motor cortex has been found during imagination of movements, suggesting that actual motor performances -during which that rhythm is suppressed -and imaginative tasks may share the same cortical circuitry (Schnitzler et al., 1997) . Such a bulk of neurophysiological evidence, together with the present findings, suggests that movement imagery significantly affects motor cortex excitability. This coherently parallels a recent functional magnetic resonance imaging study, in which activation of the premotor cortex and of the rostral part of the posterior supplementary motor area were found both during actual and mental execution of a finger-to-thumb opposition task (Roth et al., 1996) .
Two hypotheses, that are not mutually exclusive, can be taken into account in interpreting our results. Firstly, it may be possible that an increasing firing level of motor cortex neurons accompanying overt movements is still operating during motor act imagery. Most pyramidal cells are active even during complete muscular relaxation (Evarts, 1965) . Moreover, corollary discharges of the motor programs are dispatched to parietal and cerebellar relays (McCloskey, 1981) , so that neurons of these areas fire several tens of milliseconds prior to movement initiation (Evarts and Fromm, 1977; Soso and Fetz, 1980) . Such mechanisms may operate also in the case of movement imagery. This would explain both the higher than normal level of excitation of the motor cortex (= lowering of the excitability threshold to TCS) and the 'gating' effect on frontal components of somatosensory evoked potentials during movement imagery (Cheron et al., 1992; Rossini et al., 1995 Rossini et al., , 1997 . Evidence of the storage of such a 'central sense of movement' in the parietal lobe has been provided by Amassian et al. (1989) , who first described the possibility of detecting, in relaxed subjects, centrally evoked limb paresthesias following sub-threshold magnetic TCS of the contralateral hemisphere. Moreover, corollary discharges from the motor cortex may constitute the physiological basis for learning new motor tasks in the absence of sensory feedback, a kind of training already proven to be useful and comparable to an actual motor performance (Yu and Cole, 1992) .
The motor facilitation could be related to an increased spatial attention towards the specific body district involved in the task. Facilitation mechanisms due to spatial attention have been described for middle and long latency components of somatosensory evoked potentials (Garcia-Larrea et al., 1991) and magnetic fields , suggesting that the voluntary driving and shifting of the subject's attention is of paramount importance in the internal modulation of sensorimotor processing of the human brain.
Finally, excitability changes of spinal motoneuronal pools governing muscles involved in movement imagery might partly explain the observed changes in the F-wave recruitment pattern. Modulation of F-waves following a sub-threshold, appropriately timed, cortical magnetic stimulus has been demonstrated for hand muscles (Mercuri et al., 1996) , thus indicating that the F-wave can be considered a reliable marker of spinal motoneuron excitability even when motor output is minimal, as during movement imagery. Our results on F-waves indicate that specific changes in the excitability of spinal motoneuronal pools are taking place during movement imager y at the spinal level, according to the motor program. This is in line with a recent study of Gandevia et al. (1997) , who reported activation of alpha motoneurons, but not fusimotor activity, during mental rehearsal of motor acts, and confirms that a facilitatory effect on descending impulses due to sensor y feedback is unlikely to occur during motor imagery. However, we still do not know if changes at spinal level can be considered 'in series' or 'in . This was maximal during voluntary contraction and still present during arithmetical calculation. Conversely, in the 'Index' condition this concordance vanished, even more than during 'Relax', suggesting that the behavior of the FDI MEP amplitude became independent from ADM during the appropriate mental motor plan. In the 'Little' condition the correlation remained significant, indicating that the potentiation of ADM MEPs during mental simulation of appropriate movement was quite similar to that observed during the mental non-motor activity.
parallel' with the cortical ones, even if the lack of latency shortenings both for MEPs and F-waves would suggest that changes in MEP amplitude during movement imagery mainly take place at cortical level.
Facilitatory effects on MEPs (Fadiga et al., 1995) and specific metabolic activation of several brain structures have recently been observed in subjects observing an action performed by another individual, suggesting that a neural system matching action observation and execution is present in humans and can be detectable by different exploratory methods. Whether specific facilitatory effects of different strategies of movement imagery can be employed by the subject (i.e. 'observing' himself performing the movement 'from outside' or 'internally' thinking the motor act) was not specifically addressed in this experimental set-up, but this certainly would be a matter for intriguing investigations in the future.
